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I. INTRODUCTION

The U. S. Standard Atmosphere, 1976 (Ref. 1) has recently
been published and represents the most current thought on the
definition of the atmosphere from the surface to 1000 km. The
representation is that of a steady-state idealized atmosphere
under moderate solar activity. This report documents a computer
version of this Standard Atmosphere (US 76).

The computer version of US 76 was designed to be a
flexible tool which could be modified to the user's needs with
minimum effort or knowledge of the mechanics of the program. For
this purpose the program is segmented into three distinct altitude
regions which represent separate calculations. The program can
be used as a single package or may be easily divided into
pertinent subprograms for specialized use.

The computer program has been tested and will reproduce
the U.S. Standard Atmosphere, 1976, table values of each para-
meter to at least three significant figures. The least accurate
values arise from calculations requiring numerical integrations,
and these could be improved by decreasing the tolerance allowed
in the numerical integrations.

Comparison of the US 76 with other recent atmospheric
models reveals a reversal of the trend to attempt to reproduce
the variability of the atmosphere. It has been noted that the
structure of the current model lends itself to the same type of
modifications found in the U. S. Standard Atmosphere Supplements,
1966 (US 66) which were made to the U. S. Standard Atmosphere,
1962 (US 62). It would appear reasonable to propose that such
modification to the computer program presented here would be the
most natural method for including the variability of the upper
atmosphere within the context of US 76.



Because of the lack of representation of atmospheric
variability usage of this program is somewhat limited. The
principal uses of this program are considered to consist of three
types of user requirements. First, this program provides a
current and a well documented atmosphere model which could be
used by researchers requiring representative values for given
atmospheric parameters in their programs. Second, for comparisons
with other atmospheric models or atmospheric measurements this
program could be used for the production of graphical comparisons.
Third, the program could be used as a substitute for a more
complex atmospheric model for program development and checkout.

Much of the code for the US 76 computer program was
developed and checked out with the use of a programmable hand
calculator. Consequently, it would be a simple extension of the
current work to optimize the instruction codes and storage
requirements of the larger program for use on such calculators.
One such program is already in use, the calculation of atmospherig
density from the earth's surface to 32 km has been reduced to a
56 step program requiring only 15 storage locations on one such
calculator. With card input available on these calculators it
would appear that a "portable" U. S. Standard Atmosphere 1976,
could easily be produced.

The discussion of the US 76 computer program introduced
in this section is amplified in the sections which follow. A
detailed description of the computer program is presented in
Section II. In Section III the use of the program is described
along with methods to specialize the program to the user's needs
without modifying the code. 1In Section IV the US 76 model is
compared with other current atmospheric models and some
suggestions are given as to how the program might be modified to
account for some atmospheric variability. Finally, the results
are summarized in Section V. A complete program listing is
provided in the Appendix.




II. PROGRAM DESCRIPTION

The U. S. Standard Atmosphere, 1976 (US 76) is based on
an empirical temperature profile for 45N during moderate solar
activity (Ref. 1). This temperature profile is shown in Figure
II-1 along with that for the US 62. Below 86 km the pressure
or density, is obtained from the integration of the hydrostatic
equation; above 86 km density is obtained from the intergation of
the diffusion equation for each individual atmospheric constitu-
ent. The remaining state variable, either pressure or density,
is obtained from the other two using the gas law for an ideal gas.

The temperature below 86 km, as shown in Figure II-1, is
specified by segments which are linear functions of geopotential
altitude. Between 86 km and 91 km the atmosphere is assumed to
be isothermal and between 110 km and 120 km the temperature is
a linear function of altitude. Between 91 km and 110 km the
temperature is represented by a section of an ellipse. Above
120 km the temperature increases exponentally and is asyptotic
to 1000°K. The altitude described is measured along a line
perpendicular to a geopotential surface and the altitude is
taken to be zero along the geopotential surface at mean sea level
(see Ref. 12, pp 217-219). Reference 1 should be consulted for all
questions concerning the definition of parameters.

The US 76 subroutine is divided by temperature regionmns.
Figure 1I1-2 shows the structure of the subroutine. Subroutine
US 76 calls one of three subroutines, LDEN, MDEN, or NDEN, depend-
ing upon the altitude designated by the calling program. These
three subroutines will calculate the density, pressure and
temperature within these given altitude ranges using the support-
ing subroutines and functions shown. The subroutine LDEN has no
actual supporting routines. The subroutines AUX1 and AUX2 are
called to calculate other parameters in the 0 to 86 km altitude
range, such as mean collison frequency and dynamic viscosity.
Thus, these routines are not called by LDEN but by US 76.
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The remaining portion of this section will be devoted
to descriptions of each routine. The analytical development of
the equations upon which this program is based are developed in
Reference 1. Because of the nature of this report it is assumed
that the reader is familiar with this analytic development or has
ready access to Reference 1. Thus, the analytic development of
equations will not be repeated here and equations may be presented
without a complete description. Input and output parameters
to these subroutines will be described in Section III.

2.1 SUBROUTINE US 76

This routine is the basic calling routine for the U. S.
Standard Atmosphere, 1976. As such, it determines that the
altitude requested by the calling program is within the
appropriate limits;

0 < Z2 < 1000 km

otherwise, all returned values will be zero. Also, this routine
ascertains what information has been requested by the calling
program and returns that information (see Section III).

2.2 SUBROUTINE LDEN

Subroutine LDEN computes the temperature, density and
pressure in the region between O and 86 km. The temperature is
computed from the hydrostatic equation and the state equation
using tabulated values of density for each temperature interval.

The pressure is calculated from the state equation.

2.2.1 Subroutine AUX1

Subroutine AUX1 does not support LDEN but calculates
the mean air particle speed, the mean free path, the mean
collision frequency and the speed of sound below 86 km. The
formulae used in this routine are given in Reference 1.

2.2.2 Subroutine AUX2

Subroutine AUX2 does not support LDEN but calculates the
dynamic and kinematic viscosities as well as the thermal




conductivity of the atmosphere below 86 km. The formulae used
in this routine are given in Reference 1.

2.3 SUBROUTINE MDEN

Subroutine MDEN computes the temperature, denisty and
pressure in the region between 86 and 120 km. 1In this region
the temperature is isothermal between 86 and 91 km, an elliptical
function of altitude between 91 and 110 km, and a linear function
of altitude between 110 and 120 km. The density is computed
from the diffusion equation in the form

'T(ZO) vy
n;(2) = n,(Zg) —gy exe |- [ [£2) + ﬁ-i—+—K] dz | (1)
Z9
where the subscript indicates the atmospheric constituent. The
term Vi/(Di + K) represents a diffusion transport which is
parameterized to account for actual constituent distribution

between 86 and 120 km. This term can be written as

i _ dG(zZ

D. + K 4z
1
so that
T(Z,) -G(Z) Z
n;(2) =|n;(Z,) TZy © exp -/ £(Z) 42} (2)
Z
0

The integral in Equation (2) cannot be solved analytical-
ly in this region and must be evaluated numerically. This
evaluation is performed by the supporting routines INTEG and F(Z).

The temperature,density, the constituent number density
and the pressure are all evaluated in MDEN. The density is
computed from the number densities of the constituents which are
easily obtained once the integral in Equation (2) is evaluated.

2.3.1 Subroutine INTEG

Subroutine INTEG evaluates the integral

2y
U= / £(2) dz

Z
0



using Simpson's 1/3 Rule. Because the calculations made in this
routine are not described in Reference 1, a more complete
description of this routine will be given in the following
paragraph.

Simpson's Rule approximates the function U by

=h
U =5 (fg + 285 + 4f, + 285 + 4f, + . . . + 4f, ,+f))

1 2 3 4

where h is the altitude interval between terms, h = 2, - 2, ,.

In programming Simpson's Rule no redundant calculations were

allowed. Thus, the calculation proceeded in the following
=1 -

manner where h §'(ZT Zo)

-
(]

£(Zy) + £(Zy + 2h)

I, = £(Z + h)

I, = £(Zy + h/2) + £(Z, + 3 h/2)

I,= £(Z, + h/4) + £(Z, + 3 h/4) + £ (Zy + 5 h/4)
+ £(Zy + 7 h/4)

~ h 3h
Le = 829 + gpo7) + 1025 * 1) * - - -
Then take
3, = Iy + 4L,
J, = J, - 21, + 4I,
Jg = J, - 21, + 4l,
Jo=dp_q - 204 + 41




From which the estimates Uk are obtained

(=
]

1 = m Jq where: m = h/3
5 = (m/2) J,

3 (m/4) J3

o)
I

=]
]

. L .
Uk ) J

k

(m/ 2K~

As programmed the estimate Uk is accepted if

where € is a predetermined constant, or it is terminated if k

exceeds some given limit. In the program presented in the

Appendix
Uu,_ -0
k=11 < 0.0001
or k
k = 10

terminates the numerical integration and Uk is returned as the
final estimate. These values cannot be changed without modifying
the code.

2.3.2 Function F(Z)

The function integrated in INTEG is

D. a. - R*
=8 f_—1_]. M-K i , 4T
£(Z) = j7 (Di ¥ K) [’“i YTt Te az|




which is Eq (36) of Reference 1., In this equation the molecular
diffusion coefficient Di’ the eddy diffusion coefficient K, the
mean molecular weight M, the acceleration due to gravity g,

the temperatﬁre T, and the temperature gradient dT/dZ are
functions of altitude. The gas constant R*, the molecular weight
of the constituent Mi and the thermal diffusion coefficient a
are constants,

i

The acceleration of gravity, the eddy diffusion coef-
ficient, the temperature and temperature gradient are simple
functions of altitude and can be immediately evaluated from the
equations given in Reference 1. The mean molecular weight is
taken to be 28.9644 g/mole between 86 and 100/km; above 100 km
the mean molecular weight is taken to be 28.0134 for the calcu-
lation of the number densities of molecular nitrogen, atomic
oxygen and molecular oxygen. Reference 1 suggests that the
number densities of Argon and Helium be evaluated above 100 km
using a mean molecular weight based on the number densities of
nitrogen and atomic and molecular oxygen at the given altitude.
Since the mean molecular weight based on the three dominant
constituents is nearly the same as the actual mean molecular
weight, the latter was approximated between 100 km and 120 km
by a polynomial

2 3

m = b0 + b1Z + bZZ + bSZ

4
+ b4Z

This value was used only in the calculation of Argon and Helium
above 100 km.

The molecular diffusion coefficient is dependent upon
the total number density. It was impractical to compute this for
every altitude interval; consequently, the molecular diffusion
coefficient was approximated by a fourth order polynomial
2 3

i 1Z + cy 2Z + °i,3z + c

’ 14

+ c
1’4

10
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2.4 SUBROUTINE NDEN

Subroutine NDEN calculates the temperature, density and
pressure above 120 km. This routine also calculates the number
densities of all constituents except hydrogen.

In the region above 120 km the eddy diffusion coefficient
K vanishes. Thus, the function f(Z) reduces to

gM. o,
£(2) = gr * T

R* (4)

-3
919
N3

The functional form of the temperature with altitude allows the

integral
Z .
U = f £(2) dz (8)

Zg

to be evaluated analytically.

2.4.1 Subroutine NHYD

Above 150 km the hydrogen number density is computed
in subroutine NHYD. Above 500 km the hydrogen number density
is computed from Eq (1) with f(Z) defined by Eq (4). However,
for hydrogen G(Z) = 0 in Eq (2) and the base of the integral
in Eq (5) is taken as Zo = 500 km rather than 120 km. Between
150 km and 500 km, Eq (1) is modified so that

Z
n(Z;H) = n(ZO;H) - ./f ET%T _T(Z2) ) . etdz

Zg

T(Zg) ~T
"T(—ZT c e (6)

11




This is Eq (39) of Reference 1. It should be remembered that

Zo= 500 km and 150 < Z < 500 km when this equation is applied.
Here

- 7
TEU=ff(Z)dZ
Zq

The integral in Eq (6) is evaluated numerically by
Simpson's 1/3 Rule. The method used is identical to that
described in Section 2.3.1. Note that if the calculation does
not converge to the preselected limit, € = 0.0001, the last
estimate U10 is accepted as the value of the integral and an
error message is printed.

2.4.2 Function FX(Z)

The Function FX(z) is given by

_ 9 T(Z)
FX = 5 (ﬁzo)) el

from Eq(6). As before the molecular diffusion coefficient D(H)
depends upon the total number density. In Function F(Z) the
diffusion coefficient was approximated by a fourth order poly-
nomial, here the altitude range for the integral is too large.
Consequently, the total number density N was approximated by

i 2 i,3 i

_ i i 4
¢n N 2, + ay Z + a, z° + a3~Z + a, Z

where the superscript is added because the approximation is
divided into four regions

150 < Z < 240

240 < Z < 340

340 < Z 440

B W N
A

440 < Z < 500

12




The diffusion coefficient was then computed from this total
number density by

b
oo [1]
7 n LT

where a, b, and To are constants defined in Reference 1.

13



III. PROGRAM USE

The US 76 computer program was designed in a modular
fashion, meaning that certain sections of the program can be
easily adapted for use without using the entire subroutine
package. This is accomplished by making various sections
independent of the other sections of the program and by keeping
the subroutine interfaces or linkages simple. In this section
the input and output of the program are described. The common
blocks are also described so that similar names or parameters can
be avoided in the user's program or easily changed in the US 76
subroutine package. The interfaces between routines are
discussed along with possible segmenting of the subroutine
package.

3.1 INPUT/OUTPUT
Subroutine US 76 has six arguments
SUBROUTINE US76(Z,1D,DEN,PRES,TEMP,A)

The only inputs are the altitude Z given in kilometers and an
indicator ID which is a constant equal to or greater than zero.
' The outputs are density DEN given in kg - m'3, the pressure
PRES given in millibars and the temperature TEMP given in degrees
Kelvin. Additional output is stored in the vector A which is
dimensioned A(7) and needs to be so dimensioned in the calling
program. Below 86 km the vector A may contain dynamic and
kinematic viscosity, thermal conductivity, mean free path
collision frequency, particle velocity and speed of sound. All
of these are given in metric units corresponding to those found
in Reference 1. Above 86 km the vector A contains the number
densities of the six constituents and the total number density

given in per cubic meter.

The input and output are summarized in Figure III-1.
The output allows the user to reproduce most of the data found
in the tables of Reference 1. However, many parameters are not

14
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made available to the user without suitable calculations or
conversions made in the calling program. At no altitude is
geopotential height or any parameter as a function of geopotential
height given. English units are not used in this subroutine
package. Ratios of parameters which are found in the tables of
Reference 1 are not available from these routines. In addition,
the acceleration of gravity, while calculated in the routines,
is not available as output nor is the mean molecular weight nor
is the total number density below 86 km. The pressure scale
height is not computed. With these exceptions the tables of
Reference 1 can be reproduced to three significant figures.

3.1.1 Error Messages

There are two error messages which the user could
encounter but are unlikely to occur without some modification
of the subroutine package or the code itself. In general, the
only error the user can make, if he calls the US 76 subroutine
with the proper list, is to specify an altitudé outside the
range. This could occur if a negative altitude or an altitude
greater than 1000 km was requested. This latter could easily
occur if the calling program is working in English units and
no conversion to metric is made before calling US 76. This error
will not result in an error message but will result in the

output for all parameters being zero.

It should be noted that none of the main subroutines
LDEN, MDEN or NDEN checks altitude, this is a user responsibility
if the calling routine US 76 is not used. However, in INTEG
which is called by MDEN if the altitude is less than 86 km or
greater than 120 km an error message will be written and the
integral will be evaluated as zero. The calculation will not
be terminated.

16




The second error message can be generated either in
INTEG or in NHYD if the numerical integration fails to converge
in the specified number of steps. In this case the last computed
value of the integral is taken and the calculation allowed to
continue. This contingency has not occurred under normal use and

would probably only occur should the user modify the convergence
criteria €

U -U

U

k k-1

k

or modify the number of steps, k, taken before discontinuing the
numerical integration.

3.2 COMMON BLOCKS

The only common blocks occur in routines NDEN, INTEG and
FX(Z) which are called for altitudes above 120 km. Two common
blocks are defined in NDEN

COMMON /BLK2/ AH, XN11, T11, Z11, XMH
COMMON /BLK3/ TINF, RAD, XL.

These blocks are used to transfer data to NHYD and FX(Z) and
could be replaced with the appropriate DATA statement.
3.3 PROGRAM MODIFICATION

3.3.1 Subroutine Interfaces

The interfaces between the subroutine US 76 and the
main subroutines are all similar. The call to LDEN requires
only four parameters

CALL LDEN(Z,DEN,TEMP,PRES).

The altitude Z which is input from the calling routine to LDEN
and density DEN, temperature TEMP, and pressure PRES which are
output from LDEN to the calling program. The calling sequence
for MDEN and NDEN are identical and are the same as LDEN except
for two additional terms

CALL MDEN(Z ,DEN,TEMP,PRES,A(1),A(7) )
CALL NDEN(Z,DEN,TEMP,PRES,A(1),A(7) )

17



The first of these terms, which as shown here as A(l1), is a
variable, dimensioned at least 6 locations, and is used to out-
put number densities of the constituents. The other term A(7)

requires only one location and is used to output total number
density.

The routines AUX1 and AUX2 aré independent of LDEN but
require output from LDEN to complete their calculations. Sub-
routine AUX1 requires

CALL AUX1(Z,TEMP,PRES,A(6),A(4),A(5),A(7) )

altitude, temperature and pressure as input. The output consists
of particle velocity A(6), mean free path A(4), collison frequency
A(5), and speed of sound A(7). Subroutine AUX2 requires altitude,
temperature and

CALL AUX2(Z,TEMP,DEN,A(1),A(2),A(3) )

density as input. The output consists of dynamic A(1l) and
kinematic A(2) viscosity and thermal conductivity A(3).

The linkage between MDEN and INTEG consists of only
three parameters. The input to INTEG is the

CALL INTEG(N,Z,C)

constituent index N and the altitude Z. The output is the value
of the numerical integration. The interface between INTEG and
F(Z) is a function

FUNCTION F(Z,N)
link requiring as input the altitude and constituent index.

The link between NDEN and NHYD consists of three input
parameters and one dimensioned variable to provide output. The
inputs are the altitude Z,

CALL NHYD(Z,T,T10,XN)

18




the temperature T and a constant temperature at 120 km T10. The
output requires a dimensioned variable XN(6) but only the last
position is modified. The interface between NHYD and FX(Z) is a
functional linkage requiring only the altitude Z.

FUNCTION FX(2Z)

as input.

3.3.2 Modification of Program

The simpliest modification of the subroutine package
would be to remove the calling routine as shown in Figure III-2.
This allows the user to select only'that portion of the code
relevent to his problem.

If the user is interested only in the O to 86 km
altitude range then AUX1 or AUX2 could be deleted. Alternately
if the parameters computed by AUX1l and or AUX2 were required for
known input then they could be used independently.

Another modification would be the construction of a new
calling routine to produce the thermosphere model shown on
Figure 11I-3. This would be necessary if the entire altitude
range 86 to above 120 km was required.

Finally, very simple modifications of the code of
INTEG would permit the use of this routine as a general Simpson's
1/3 Rule for which the user supplies the function F(Z).

19
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Figure III-3.

Modification of US 76 for Thermosphere Model
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IVv. MODEL REVIEW

The U.S. Standard Atmosphere, 1976, is a static model
representative of conditions in mid-latitudes during moderate
solar activity. As such it presents a single temperature profile
from the surface to 1000 km as well as single profiles of density,
pressure, mean molecular weight and all other parameters. The
US 76 is useful for obtaining representative values of atmospheric
parameters when deviations from these values are not important
to the user. However, 'because of variability of atmospheric
conditions with spacial location and solar conditions, invariant
models of the earth's atmosphere (90 to 2500 km) are not useful
for most engineering applications" (Ref. 2). Moreover, where
engineering applications tend to require a global view as opposed
to a mid-latitude view, a similar statement must hold for the
atmosphere from the surface to 90 km.

The variability of the atmospheric structure can easily
be seen from spacial and temporal distributions of the tempera-
ture. Figure IV-1 illustrates the distribution as observed, in
the mean, between the surface and 80 km (Ref. 3). Comparison of
this figure with Figure II-1 reveals the similarity of the US 76
temperature profile with that for the summer months at about
45° latitude: ~ 290°K at the surface, 220° at 20km, 280°%k at 50 km
and 190°K above 70 km. A somewhat different profile would be
indicated even for the winter months at mid-latitudes. Figures
IV-2 and 3 give a more detailed description of the region between
40 km and 90 km. From these three figures a general agreement
about the temperature distribution can be seen even if the
specifics differ. Finally, Figure IV-4 illustrates the observed
diurnal and latitudinal variability of the thermosphere tempera-
ture by means of the global distribution of exospheric

temperature.

Since the publication of the US 62 there has been a
trend toward incorporating the observed variability of the
atmosphere in Reference Atmospheres, particularly the variability
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Figure 1V-4,

EQUINOX

Duinal Variation of Exospheric Temperature as Observed
by Thomson Scatter (Ref, 6)
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above 90 km. Most notable of these Reference Atmospheres were
the COSPAR International Reference Atmosphere of 1965 (CIRA 1965)
and the U. S. Standard Atmosphere Supplements, 1966 (US 66). The
US 66 included latitudinal and seasonal variability, by means of
tables, of the atmosphere below 120 km and an analytic represen-
tation of the atmosphere above 120 km accounting for variations
due to variable solar activity. More recently, a summarization
of stratosphere and mesosphere data by Groves (Ref. 5), part of
which is shown in Figure IV-3, and a revised Thermosphere model
by Jacchia J71 (Ref. 7) have been combined to form the basis of
the CIRA 1972. Figure IV-5 illustrates the distribution of exo-
spheric temperature according to J71. The NASA/MSFC Global
Reference Atmosphere (Ref. 8) also uses Grove's model of the
middle atmosphere and a Jacchia Thermosphere Model J70 (Ref. 9).
However, the Global Reference Atmosphere also includes the Four
Dimensional World-Wide Atmosphere Model (Ref. 10) to provide

the atmospheric variability from the surface to 25 km.

The US 76 viewed from a perspective including recent
trends in the representation of atmospheric variability appears
to be somewhat of an anachronism and in need of a new "Supple-
ment". The thermospheric temperature sturcture of US 76 is very
similar to that found in US 66 and would lend itself to simple
modification to incorporate solar variability. Figure IV-6
suggests how that program modification could be made by incor-
porating a new subroutine to calculate the exospheric tempera-
ture. However, this simple approach is also anachronistic in
that it ignores the trend in thermosphere model development. 1In
fact, a more likely approach would be the far more complicated
integration of Jacchia's latest thermosphere model J77 (Ref. 11)
into any new Reference Atmosphere, the thermosphere temperature
distribution for this model is shown in Figure IV-7.

Thus, it would appear that the US 76 while being the

most recent of the Reference Atmospheres, will find limited use
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b) June solstice.

Figure IV-7. Duinal Variation of Exosphere Temperature from J77 (Ref. 10)
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in the engineering community. However, because it is the U. 8.
Standard Atmosphere it will certainly be the standard against
which all other Reference Atmospheres will be measured.
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V. SUMMARY

A computer version of the recently published U. S.
Standard Atmosphere, 1976, has been developed. The computer
program has been developed in modular form for easy incorporation
into the user's program and for easy modification for specialized
uses. Because of the lack of atmospheric variability the US 76
will find limited use in aerospace research. However, it will
become the standard against which all other atmospheric models

will be measured.
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tPOR,2S MAIN,MAIN

c
c PROGAM US76 CHECK
c
DIMENSION A(7)
Z =0,
ID = 3
WRITE(6,9002)

9402 FORMAT(217?)
DO 100 Jsi,200
287+ 5,
CALL US76(Z,1D,DEN,PRES,TFMP,A)
: WRITE(6,9081) Z,DEN,PRES,TEMP,(A(Y),1n8,7)
o601 FORNAT(2X,F6.1,3XaEl2,403X0F7;2/9xr7(3x0512;4) )
100 CONTINUE
8§TOP
END
IFOR,18 US76,U876
SUBROUTINE US76(Z,1D,DEN,PHES, TEMP,A)

g US76 1S A CALLING SUBROUTINE FOR THE U.3, STANDARD ATMOSPHERE, 1976
C

(o INPUT y4 ALTITUDEC(KM)

g In INDICATOR

¢ ouTPUT DEN DENSITY (KG/Mse3)

c PRES PRESSURE (MB)

C TEMP TEMPERATURE (DEG K)

c A(7) ADDITIONAL VAKTLABLES DFPENDENT ON ID

c

c

C INDICATOR INPUT

c

c Z LT 86KM 1D = @ NO ANDITIONAL OUTPUT

c 10 = § VISCOSITY AND THERMAL CONDUCTIVITY

c ID = 2 MEAN FREE PATH, COLLISION FREQUENCY, MEAN
C PARTICLE VELOCITY, AND SPEED OF SQUND
c 10 = 3 BOTH THE ABOVE

C :

c 2,GE ,86KM 1D = @ NG ANDITIONAL OUTPUT

c ID = §«3 CONSTITUENT AND TOTAL NUMBER DENSITIES
c

c

C INDICATOR OUTPUT

c ZoLTB6KM A(1) DYNAMIC VISCOSITY (N«SEC/Mew2)

¢ AC2) KINEMATIC VISCOSITY (M*#2/8EC)

c A(3) THERMAL CONDUCTIVITY (J/MeSEC*DEG K)

c AC4) MEAN FREE PATH (M)

c ACS) COLLISION FRFQUENCY (1/SEC)

c A(6) PARTICLE VELOCITY (M/SEC)

o AC7) SPEED OF SOUND

¢

c 2 GE (B6KM A1) N2 NUMBER DFMSITY

c A(2) 01 NUMBER DENSITY

c A(3) 02 NUMBER DENSITY

c AC4) AR NUMBER DENSITY

c A(S5) HE NUMBER DENSITY

c A(6) H1 NUMBER DENSITY .

c AL7) TOTAL NUMBER DENSIY

c

c
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DIMENSION AC7)

DEN = @,
PRES s A,
TEMP = O,
DO 10 1s4,7
A(l) = 2,

IF( (Z4LTeD,)0R,(Z2,6T,1000,) ) RETURN

IFC (ZoGE.0,) ANDG(Z,LT,86,) )

CALL LDEN(CZ,DLN,TEMP,PRES)
IF¢C (Z,6E,.86,),AND,(2.LT,120,) )

CALL MDEN(Z,DEN, TEMP,PRES,A(1),A(7) )
IF( (Z,6GE,128,) AND,(Z,LE,1¢00,) )

CALL NDEM(Z,DEN,TEMP,FPRES,A(1),A(7) )

IFC CIDeEQ,D) ORL(1ID,6T,3) ) RFTURN
IF(Z,GE 85,) RETURN

CALL AUX2CZ,TEMP,DEN,A(1),A(2),A(3) )
IF( (ID.EQ.Z).Oag(ID.EQ.s) )

CALL AUX1(ZyTEMP,PRES,A(6),AC4),A(5))A(7) )

RETURN
END

{(FOR, 1S LDEN,LDPEN

IO OMNO

COM

COH

*
L]
-
L
®
*

*

SUBROUTINE LDENCZ,DEN,T,PRES)
DATA AF/34,16319474/7 RAD/6356,766/

PUTF. GEOPNTENTIAL HEIGHT H
H 3 RAD#Z/(RAD + 7)
PUTE TEMPERATURE

IFC HyLT 11, )
T = 288,15 = 6,5*H

IFC (H,GE 11,) ¢ AND,(H LT ,20,) )
T &8 216,45

IFC (HoGFa2™s) ¢ AND(h,LT,32,) )
T = 216,65 + (H = 28,)

IFC (HoGEo32,) g AND (H,LT,47,) )
T 8 228,65 ¢ 208«(H = 32.)
IF( (H,GF.47,) dANDG(H LT 51,) )

T = 270,65
IF( (H GF 51,) ¢ ANDGCHLTZ71,) )
T s 2/0,65 « 2,8¢( H = §1,)
IFC (Mo GF,714) ¢ AND,(H LT,86,) )
T 8 214,65 = 2,80( H = 71,)

36
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c
g COMPUTE DENSITY ORKHNAl,pAG
E IS
' IFC HoLToll, ) OE POOR Quar Ty
« DEN = 1,225%(288,15/T)ee (1, = AF/6,5)
1F( (H,GE, 11 ) o AND, (H LT,27,) )
*» DEN = 3 392E-01'EXP(-AFt(H - 11,)/216,69)
IF( (H,GE, 20 JJAND (H LT,32,) )
* DEN = 8, aussz-oa-(zao 65/r).-¢1; + AF)
IF( (H,GE, 32 JoAND,(H LT, 47,) )
* DEN = §, 32255-02t(228 65/T)i*(1' + AF/2,8)
IFC (H,GE, 47 Y eAND (H,LT,51,) )
* DEN = 1 4275:-03-£xP(-AF-(M - 47,)/274,6%)
IFC (H, Gt.b! ) e AND (H, LT,71,) )
. DEN s 6365-340(270 65/Y)a-¢1. = AF/2.,8)
JIF( (H,G£;71,),Auo;cn;LT.se,) )
« DEN = 6,4211E~054(214,65/T)en(1, = AF/2))
c
C COMPUTE PRESSURE
c
PRES 3 2,8705308724DEN+T
RETURN
END

!. R» 18 A“x‘.‘“!i
SUBROUYINE AUXSCZ,sToPRES,V,XLosC/LS)

AUX) COMPUTES MEAN AIR PARTICLE SPEED V, MEAN FREE PATH X
MEAN COLLISION FREQUENCY C, AND SOUND SPEED CS BELOW 86KM
GIVEN ALTITUDE Z(KM), TEMPERATURE T(K)», AND PRESSURE PRES(MB),

IO M

v
XL
C
cs
IF( 2,67,86, ) RETURN

sSsaw
- ® o=

COMPUTE MEAN ATR PARTICLE SPEED V(M/SEC)
V % 27,036544SQRTC T )

COMPUTE MEAN FREF PATH XL(M)
XL ® 2,332508E=A7+T/PRES

COMPUTE MEAN COLLISION FREQUENCY C(1/SEC)
C = v/xbL

COMPUTE SOUND SPEED CSCM/SEC)

CS = 20,0468*SURTC T )

RETURN
END
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PO, 16 alx2, ruve
SULITING AUX2CLo T PENpVISDY,VISKYN, TCOND)Y

AUX2 COMPUTES NPYNAMIC VISCOSITY VISDYN, KINEMATIC VISCOSITY VISKIN,
AND THE COEFFICIFNT OF THERMAL CONDUCTIVITY TCOND BELOW 86KM
CIVEDN ALTITUHOE Z(hH), TEMPERATURE T(K) AMND DENSITY(KG/Mes3),

IDIHN

VISDYN = @,
VISKIN = 0,
TCOND = @,
IF( 2,6T,86, )  RETURN
COMPUTE DYNAMIC VISCOSITY (N#SEC/Mww2)
VISDYN ® 1,453E-@6#(T##1,5)/(T + 310,4)
COMPUTE KINEMATIC VISCOSITY (Me#2/SEC)
VISKIN = VISDYN/DEN
COMPUTE COEFFICIENT NF THERMAL CONDUCTIVITY C(J/Me®SEC#K)

TCOND ® (2,64752E=034( Teag 5 ))/(T 4 245,4¢10, %+ (=12,/T) )

£ IO AN NN

RETURN
END

38

o e e




e s e A e o

IFOR, 13 MDEN,MDEN ~ Ry}niﬁllPA§2§é$
SUBROUTINE MDENCZsDEN, T,PRES,XNsXNTOT) Q
“TTi CDIMENSIOR R(235)9W(2,5)UT2;9) 3 XMTBY - T T T T s S e e
DIMENSION XN(6)pXNB(5)
DATA XNB/1,130E420,8,6E416,3,A31E+19,1, 354C+18,7,562E414/
DATA 0/0,,0,,~5,8A9644ED4,~3, 41624RE~03,1,366212E704,
« 8,,9,434070E=05,0, y=2,457369E04,0,/ W/Bys8,02,7R6240E05 ,
« 6,008765E04,8,333333£+05,0,,8,333333E~45,9, ,6.666667E~04, 84/
* U78,,08,,56,90311,97,,86,,0,,86,,8%,86,,0,/ XM/28,8134,15,9994,
« 31,9988,39,948,4,0026/
DATA 6AS/8,31432/ B0LTZ/1,380622E=23/
NAMELIST/DCHK/No £, C,FACT, FACT2,FACT3,FACT

XN(6) = w,
XNTOT = ¢,
XMM = @,
¢
C COMPUTE TEMPERATURE
c
T = 186,8573
IFC (2, G& 91,) 9 ANDG(Z LT4117,) )
17 = 263 1008 = 76, 3232'(1 - ((1-91 1/719,9429)¢e2)we .5
IF(7,GE,110,) T=248, + 12«(2=110,)
c
C COMPUTE NUMBER DENSITIES
¢

DN 1¢9 Isy,5

NEe

CALL INTEG(N,Z,C)

FACTI s 186,8673/Y

FACT = §,

1F(1,EQ,1) GO TO 100

FACT2 8 QCLsN)/ZCT oWl NI Do (EXP(=WlL)NI*(B6,»UCI,N))*e3) w EXP(w
*WCL,NY&(Z=U(1,N))*e]) )

FACT3 = n,0

IF( (Z LE,97,) ¢ANDL(N,EQqe2) ) FACT3 3=G(2,N)/(3,4N(2,N))*(EXP(=
“W(2, NJ*(U(ZvN)-Bb )--3) - EXP(=W(2,N)*(U(2,N)=ZV*23) )

IFC (Z,6T.97,), AND (N,EG,2) )
¢ FACT3 n -1.10625?5

FACT & EXP( =(FACT2 + FACT3) )

100 XNCI) s XMUCI)*FACTeFACTi*EXP(=C)

C COMPUTE DENSITY

DEN = @,

DO 2¢0@ 1s1,5

XNTOT = XNTNT + XN(1)
200 XMM s xMM & XM(I)#XN(I)

XMM = XMM/XNTOT

PRES & XNTOT#ROLTZeY

DFN = (PRFES#XMM)/(GAS*T)

PRLS = PRES+},E~02

DEN = DENwy E=@3

RETURN
END
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(FOR, 18 INTEG,INTEG

‘ SUBROUTINE INTEG(M,Z,U2)
NAMELISY ZICHKZ NpZ,J3,Ul,U2
U2 s B, _
IFC (Z,L7,86),0R.(Z,67,128,) ) GO TN 3¥A
J st
H s (7r806,)/2,
XK = H/3,
AQD = F(Z,N) + F(86,,N)
X = 86, + H
Al FCXeN)
B1 AD + 4#Al
Ui XK*H1
AD At

10 JL 2ud]
Al u @,

DO 194 I=%1,IL

K 8 (el ;#2 ¢ 1}

X = 86, + KeH/JL
jJUo AL = AL « F(XyN)

AKX B AK/2.
02 8 B] = 2«A0 ¢ 4eA}
U2 s XK*p2
TEST = ARS( (U2 = Ut1)/u2 )e1@4d,
1IF(TEST,LT,0,010) RETURN
IF(J,6T7,1@2) GO TO 209
J s J @+ 1
81 = B2
AD = A}
Ut = ug
G0 YO 19
c
20V WRITE(6,0001) Ul,u2
RETURN
380 WRITEC6ev202) Z
RF TURN
oMOY FORMAT(TIINTEGRAL FAILED TO CONVERGE?2/2E17,4)
9@V2 FORMAT(?71ALTITUDE OQUTSIDE RANGET/F12,.4)
: END

IFORy IS F,F

FUNCTION F(Z,N)

DIMENSION C(5,5),B(5),A(5),XM(5)

DATA RSTAR/8,31432/ B/=7,347377E+02,2,.656098E+01,
* m3,424545F=01,1,9413285E~03,=4,097465E=06/ ,
* F/ﬂ,oﬂ.pﬁ,.U.pﬂ.p~2,57383bE‘02'l.0ﬁb895£+ﬂ1,-l',d95593£-01,
*1,000696F=03,=2,4956E=06,-2,577458F+012,1,805896FE+01,=1,495504E=01,
*1,008696t.-03,42,4956E=06,-2,7016920+02,1,056359E+01,«1,574121E»0},
* 1,754520F=03,92,63274E~-06,=2,359803E+02,9,253264,
v @] 379937Ew01,9,279475E=04a,=2,327176E=06/

DATA XM/28,8134,15,9994,31,9988,39,048,4,0026/ A/0,,0,,0,,0, 54/

40




oMo o000

oMo

(X al 2] NeleNal

[¢Xr)gl

DNon

COMPUTE TEMPERATURE ORIGINAL PAGE 15
¥ POOR QUALITY _
T * 186,8673

IF(C2,67,91,) AND} (Z,LT,110}))
17 = 263,1905 = 76,3232¢(1 = ((Z=91,)/19,9429)¢42)¢+,5
IF(Z,GE,116,) T = 240, + 12¢(Z=118,)

COMPUTE GRAVI+Y

G & 9,80665+(6356,766/(6356,766 + 2) )*+2
FACTS = G/(RSTAR*T)

COMPUTE MEAN MOLECULAR WEIGHT

XMW = 28,9644
IF(Z,1.E,12@,) GO To 3@
XMM 3 28,0134
TF(N.GT,3)
o XMH ® B(1) ¢ ZefB(2) + Ze(B(3) +Z+(B(4) ¢ Z¢B(5) )))
30 CONTINUE

FACT2 = 3§,

FACT3I s XMM

FACT4 = @
1F(N,EQ.1} GO TO S0

- e e e e W e it mrmm o eta mw & e ememeymen s e emp- S

COMPUTE TEMPERATURE GRADIENT

DY = 2,0
IF((Z, GT 01,4) e ANDR(Z,LT,110,))

« DT ' -3.827!*((2-9! )/(-!9 9429))/(1=((Z=91,)/19, 9429)we2)ee 5
IF(2,6E,110,) OT = 12 7]

COMPUTE EDDY DIFFUSION COLFFICIENT

XK = @,

IF(Z, LE ¢5,) XK = 128,

IF( (Z,GT, 95 YLAND(2Z, LT 115,) )
v XK = i2ﬂ tEXP( { = (420 /(400, - (Z = 9%,)2¢2)) )

COMPUTE MOLFCULAR DIFFUSION COEFFICIENY

D 8 EXPC C(1oN) & Z#(C(2,N) + Z#(C(3,N) + Z+#(C(4,N) + Z+C(5,N)))))
20 CONTINUE

COMPUTE F(Z) FROM EGQUATION 36

FACT2 s 1,/¢D + XK)
FACTS » DeXM(N) + XMM#XK
FACT4 3 (A(N)*RSTAR/G)*DT+D
50 F » FACTI«FACT2+ (FACTS + FACT4)
RETURN
END
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SUBROUTINE NDEN(Z,T,DENS,PRES,)XN,XNTOT)

US 76 STANDARD ATMOSPHERE FOR ALTITUDES ABGVE 120KM
NOEN COMPUTES NUMBER DENSITIES OF ALL MEUTRAL ATMOSPMERIC

CONSTITUEMTS EXCEPT HYDROGEN ABOVE {20KM GIVEN ALTITUDE Z AND TEMPERATURE

DIMENSION XN(6)
COMMON /BLK2/ AH, XN11l, Tii, 211, XMH
COMMON /BLK3/ TINF, RAD, XL

DATA A/@,7,0,0,«2,4/ AH/=P,25/ T10/368,./ T11/999,2356/ TINF/10800,/
2187120,/ 211/500,/ GAS/K,31432/ BOLTZ/1,3806622E=23/ x./0,01875/
*8/0,660596/ G/@,0M11362/ RAD/6356,766/

DATA 0/@,-5,809644E=04, 1,366212E-04, 9,434@79E=05, =2,457369E=04/
“w/8, 2,706242F=85, 8,3333336-05, 8',333333F=05, 6,666667E=04/
“U/d, 56,96311, B6,, 86,y 86,/

DATA XN10/3,726E+17, 9,275E+16, 4,395€E+16, §,366E+15, 3,888E+13/

«XM/28,0134, 15,9994, 31,9988, 39,948, 4,0026, 1,80797/ XMH/1,00797
«/XN11/8,6E+1¢/

XN(6) = @,

COMPUTE GENPNTENTIAL ALTITUDE E EQ(0I) + 2

E s (ZrZ1A3)a(RAD + Z1R)/(RAD + 2)

COMPUTE TEMPERATURE

T 8 TINF = (TINF = T10)*EXP (=X *E)

COMPUTE NUMBER DENSITIECS OF ALL CONSTITUENTS EXCEPY HYDROGEN

DO 57 1s1,S

TFACT = (T1A/T)ew(l, + A(1) & BoXM(T))

EFACT s EXPC~G¢XM(I)*E)

FACT = 1,0

IF(1,FQ,1) 60 TN 10

FACTL & EXP(=W(I)#(Z = U(I))#43)

FACT2 & EXP(=W(I)#(Z1A = U(]))+e3)

FACT = EXP( G(I)*(FACT1 = FACT2)/(3,%w(})) )

18 XN(Y) = XNIB(I)+TFACT*EFACT#FALY
88 CONTINUE

COMPUTE TOTAL NUMBER DENSITY

XNTOT = 2,
DO 208 1=1,5

290 XNTOT = XNTOT # XN(I)
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COMPUTE HYDROGFN NUMBER DENSITY IF 2 GT 150

COMPUTE TOTAL NUMBER DENSITY, PRESSURE, MEAN

180

IF(z,GE,158,) CALL NHYD(Z,T,71@,XN)

PRES s @
XNTOT s XNTOT + XN(6)
XM = 2,

DO 10/ Is1,6
XM@ s XMZ & XN(I)*XM(I)
PRES = PRES « XN(I)*BOLTZeT

XMB 8 XM@/XNTOT

DENS s (PRES*XM@)/(GAS*T)
PRES s PRES¢1,E=i2

DENS = DENS¢],En@3

RETURN
END

{FOR, I8 NHYD,NHYD

SUBROUTINE NMYDC(Z,T,T18,XN)

ORIGINAL PAGE B
OF POOR QUALITH

MOLECULAR WEIGHT, AND DENSITY

NKYD COMPUTES HYDOGEN NUMBER DENSITY ABOVE {50KM

DIMENSION XN(6)

COMMON /BLK2/ AH, XN§ii, Y11, Z11, XMH

COMMON /BLK3/ TINF, RAD, XL

DATA B/0,2540664/ G/@,0010137/

XN(6) s ¢,
IF(Z,LT,1508,) RETURN

E ® (2 = Z11)%(RAD ¢ Z11)/(RAD ¢ Z)

TFACT = (T11/T)s# (1, + AH + BeXMH)

EFACT & EXP(mG#XMH*E)
XN(6) ® XNI{eTFACTOEFACY
IF(2,GE.508,) RETURN
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c
g COMPUTE HYDROGEN INTEGRAL EQC39) USING SIMFYON RULE
u2 s 8,
J= 1
Ha (Z~580,)/2,
XK = H/3,
AB = FX(Z) + FX(50A,)
X s 5038, ¢+ H

Al s FX(X)
Bl = AD ¢ 4,08
Ul s XK*Bf{
AG = A}
[ 4
10 JL & 2,%+J
Al = B,
c

00 100 I=i,JL

K s (I = 1)#2 1

X s 538, + KaH/JL
180 AL = AL ¢ FX(X)

XK s XK/2,

B2 8 Bl = 2,#AB +4,9Al

U2 = XK*R2

TEST = ARS((U2 =yut)/u2)»100,
IF(TEST,LT,R,01) GO TO J0@
IF(J,GT,16) GO TN 2e0

J s J+1

Bt s B2

AR s A}

Ul s U2

G0 T0 17

200 WRITE(6,9001) Z,L1,U2
300 XN(6) = XN(6) = LI2«TFACT#EFACT
9@0) FORMAT(? HYDROGEN CALCULATION DID NOT CONVERGE?4X,72 = 2F6,1,4X,2V
* 1 22€12,4,4X,2U2 =2E12,4)
RETURN ’
END
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LFOR, IS FXsFX ORIGINAL PAGE IS
FUNCTION FX(X) OF POOR QUALITY
COMMON /8L K2/ AH, XN11, T11, Z11, XMW
COMMON /RLK3/ TINF, RAD, XL
DATA R/Z0,2%43664/7 G/0,0010137/ -

DATA A1/3 305E+28/ 81/0 5/ Zlﬂ/lZﬂ'lTM/273 15/ PH1/7,2E+11/
DATA T18/366,/

E ® (X = 711)#(RAD + Z11)/(RAD + X}
EEa (X = Z1Q)+(RAD ¢ Z14)/(RAD ¢ X)
T 8 TINF = (TINF = TH0)*EXP(=XL*EE)

TFACY = (T/T11)aw(i, + AH + BeXMH)

EFACT = EXP( GeXMH*E ) :

IFC X,LE,240,)
* XNT s 6, 3504216737E+91 - X#(4,6796B9977E=01 = X% (2,793152461Em0
" KIS x-(a P32792295E=06 « X#8,911075174F=39)))

IF( (X,GT, 24@ JoAND, (XqLE,340,) )
1 XNT = 4, 94773235&+a1 - X% (1,219152248t~1 = X*(4,184518744EwB4
" - X% (7, 806663756&-“7 - X*H, 708566435E-10)))

IF( (X 67,340,) AMD, (X LE,440,) )
" XNY = 4 52aas731ae+ut - xtta 7938462E=02 = Xu(],626498887E=24 =~
) xacz 41150338E=h7 = X#1,435244756E=10)))

IFC X,6T, 440, )
* x~7 ¥ 6,2074742E401 < X+ (2,11377105E=N) = X*(6,185501048E~04 «
. x*ts 83039015E=07 =X+4,811931816F«102)))

XNT = EXP(XNT) - '

DFACT s (AI/XNT)«(T/T0)#+B])

FX = TFAc*tFFACYtPHI/DFACT
FX » Fx®) F+03

RETURN
END

¥ U.S. GOVERNMENT PRINTING OFFICE 1978-740-193/114 REGION NO. 4

45




